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Abstract 
The advantages of applying a stochastic residential water demand scheme in a distribution network water quality model are 
presented. Two water quality models were implemented on a real water distribution network in which chlorine concentration 
tests were carried out. In the first one the water demand was represented by synthetic stochastic series generated by the 
Neyman-Scott Rectangular Pulse Method and in the second a deterministic Hourly Demand Variation Curve was employed. 
Compared to field-measured data, the first model presented differences with an average of 23%, and the second one differences 
with an average of 67%. 
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1. Introduction 
The control of quality of water for human use and consumption is fundamental to prevent and avoid the 
transmission of diseases, especially gastrointestinal ones. Water utilities commonly use chlorine as a disinfectant 
which is introduced to the water supply network at supply sources and water treatment plants. Nevertheless, the 
concentration of chlorine decays as it moves through the distribution network and in some points its concentration 
can be insufficient. 
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The decay of concentration of a disinfectant is proportional to the time of residence of water in the pipes. 
Therefore, the concentration is lower in low-velocity flow zones. This problem appears as well in storage tanks, 
where the high residence time, combined with inadequate tank maintenance, can result in growth of microbes 
(biofilm) inside the distribution network. 
Excess chlorine inside the network can represent a health risk because if it enters in reaction with organic matter 
contained in the water, it can form compounds called trihalomethanes (THMs) (Leal et al. 1999) which have been 
associated with liver damage in humans. 
Water flowing through the distribution network is prone to contamination at any point of its journey. From its 
extraction, during a deficient process of purification, at storage tanks or at illegal service connections there is a 
possibility that contaminating substances and particles enter accidentally into the network. It is prone, as well, to 
water infiltrations from the subsoil or the sewer system. Sediments and organic matter not eliminated in the 
purifying process tends to adhere to pipe walls or agglomerate in low-velocity zones. This can cause coloring, bad 
odor and proliferation of bacteria. 
The implementation of a water quality simulation model is not always properly accomplished, because of its 
physical, chemical, mathematical and technical implications. Commonly, in this process, some hypotheses and 
simplifications taken into consideration produce results with significant levels of uncertainty. 
The concentration of a substance contained in water in a distribution network is subject to changes in space and 
time (Tzatchkov et al. 2000). These changes depend on flow velocity, dispersion, reaction of the solute with water, 
with other suspended materials, and with the pipe wall material. If the distribution network is fed by more than one 
source, waters with different chemical characteristics could be mixed inside it (Tzatchkov and Arreguin, 1996). 
For a model to represent the real behavior of a distribution network in a significant way, among other things, it 
is extremely important to have a correct estimation of the residential water demand. 
 
Nomenclature 
C, Co chlorine concentration, initial chlorine concentration 
k, kb, kw  global decay coefficient, bulk water reaction coefficient, pipe wall reaction coefficient 
L, rh pipe reach length, hydraulic radius 
t, V time, mean flow velocity 
 
2. Application Site 
The “Humaya” sector, called like that because of its proximity to the river with the same name, is located in the 
North of the city of Culiacan, State of Sinaloa, Mexico. The zone is supplied by two sources: “La Guasima” and 
“Humaya” (Figure 1). The first one is a well that produces an average flow of 51 l/s and the second one has a 
battery with eight wells with a maximum capacity of 200 l/s, located in the right margin of the Humaya river. 
There are two tanks: “Humaya” and “Santa Fe” (Figure 1). The first has a capacity of 3,000 m3 and elevation of 
82.37 meters above sea level. This tank is composed of two deposits interconnected between themselves, with a 
capacity of 1,000 and 2,000 m3 respectively. The “Santa Fe” tank has capacity for 2,000 m3 and elevation of 80.00 
meters above sea level (Alcocer-Yamanaka 2007). Based on the number of service connections in the application 
site, equal to 20,353, and considering an crowding index of 4.20 inhabitants/home, according to information 
provided by the local water utility (Junta Municipal de Agua Potable y Alcantarillado de Culiacan (JAPAC)), the 
population in 2005 of the zone was 85,483 inhabitants. Based on a study carried out between 2000 and 2001 the 
“Humaya” sector has a percentage of physical water loss of 30 percent, occurring mostly at service connections. 
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Fig. 1. Location of intakes and tanks. 
3. Preliminary work 
Albornoz (2011) implemented a hydraulic model of the “Humaya” sector employing the EPANET computer 
program, where water demand was represented by the global Hourly Demand Variation Curve (HDVC) shown in 
Figure 6. For a second model, 69 synthetic series of consumption were generated, results of a spatial and temporal 
aggregation by the Neyman-Scott stochastic scheme (NSRPM). The series were classified according to the socio 
economical level of the users: high (6 homes), medium (53 homes) and low (10 homes). Figure 2 shows, as an 
example, one of the 69 generated synthetic series which were used as demand variation pattern at the nodes of the 
simulation model. 
 
  
Fig. 2. Example of generated synthetic series (Albornoz 2011) 
The results for flow and pressure obtained from these simulations were compared to data measured on the 
network. Figure 3 shows the comparison of pressure at node 165, obtained from field measurement, the use of 
HDVC and generated synthetic series. The behavior of the obtained results considering synthetic generated series 
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is closer to the real observed values, compared to those obtained through HDVC. A comparison between the 
results obtained for flow in pipe 2957 for these two scenarios is also shown. The flow obtained using synthetic 
series behaves closer to reality. Flow predicted by the model is approximately 25 % lower, however, because the 
measurement includes leaks in the network. Flow obtained using the HDVC does not allow the identification of 
leaks inasmuch as its origin does not come from direct measurements in the zone. 
 
 
Fig. 3. Results from hydraulic simulation considering HDCV and synthetic series as a pattern of variation of water demand (Albornoz 2011) 
4. Field measurements 
Colorimetric analysis based portable digital meters were used to determine chlorine concentration in the field. 
Chlorine was measured at the supply sources, the “Humaya” well zone and “La Guasima” well. In addition, 
chlorine concentration was monitored at 54 service connections whose location was determined considering the 
criteria established by the Mexican official norm NOM-127-SSA1-1993, such as: a) sampling points at places most 
susceptible to contamination, b) pipe dead ends (velocity is close to zero), c) low pressure zones, d) zones with 
precedents of contamination problems, e) zones with frequent leaks, f) densely populated zones, g) uniform 
distribution of sampling points across the system (Figure 4). 
5. Determination of chlorine reaction coefficients 
To obtain the bulk water chlorine reaction coefficient kb water samples were stored in amber colored 1 liter 
bottles. Measurements of chlorine concentration were made from each of the bottles. Measurement frequency 
depended on the variation of concentration in time, being higher during the first hours. Thereupon, the rate of 
chlorine decay due to its reaction with the bulk water volume was obtained. At the end, an exponential curve was 
fitted to the data acquired through the measurements: 
( ) ( ) tkCCeCC btkb +=⇒= − 00 lnln    (1) 
where kb is bulk water chlorine reaction coefficient and t is time. 
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Fig. 4 Chlorine measurement points in the zone (Alcocer-Yamanaka 2007) 
The values of the coefficient kb thus obtained vary between 0.4873 and 0.0122 hr-1, with an average of 0.0334 
hr-1. 
Considering equation 2, the constant of total chlorine decay k was calculated based on the difference in 
concentration between two points (start and end) of six straight sections pipe reaches as:  
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where Co is the initial concentration in mg/l, k is the total chlorine decay coefficient in h-1; L is the length of the 
pipe reach in m and V the average velocity in m/s. 
The constant of reaction with the pipe walls was calculated using equation 3. 
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where kw is the coefficient of reaction with pipe walls in m.h-1; kb  the bulk water reaction coefficient in h-1 and k is 
the coefficient of total chlorine decay in h-1. 
     Table 1. Values of the reaction coefficients k, kw and kw. 
Pipe diameter 
(in) 
k  (h-1) kb  (h-1) kw  (h-1) 
3 0.8042 0.0344 0.0197 
6 0.8438 0.0344 0.0467 
10 0.2093 0.0344 0.0133 
12 0.5427 0.0344 0.0558 
18 0.2140 0.0344 0.0304 
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6. Application of the water quality model 
The water quality model of the EPANET software was applied to both hydraulic simulation models presented 
before, the first one using HDVC as a pattern of time variation of the water demand and the second one using 
synthetic series generated through NSRPM. EPANET 2.0 was used for its capacity to make simulations in 
extended periods of time, given that for both scenarios a period or 168 hours (one week) was modeled with one 
minute time interval. 
6.1. Locations selected for result comparison of both schemes with field measurements 
Results obtained by both schemes were compared to field measurements. This way it was possible to evaluate 
the advantages and disadvantages of both approaches. Figure 5 shows the location of the nodes selected for the 
analysis. Due to extension limitations, only the result for 11 nodes is shown. 
 
 
Fig. 5 Location of the nodes selected for analysis. 
6.2. Water quality network simulation considering a deterministic scheme (HDVC) 
Commonly in practice water demand is modeled using time variation curves, calculated on the basis of climatic 
conditions and socio economic factors or estimated with flow measurements in main pipes, water sources and 
storage tanks where flow variation is gradual. The water quality model of the EPANET program was applied with 
a hydraulic simulation model where the HDVC shown in Figure 6 was used as a pattern of time variation of water 
demand. 
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Fig. 6. Hourly demand variation curve (HDVC) (Conagua 2007) 
Figure 7 shows a comparison between the obtained results for the network, during three days of the simulation 
(from hour 72:00 to 96:00) and the information gathered in field. 
 
 
Fig. 7 Comparison of measured concentration in relation to calculated concentration using HDVC. 
These results obtained using a deterministic scheme show differences of 0.34 mg/l on the average which 
represent a difference of 67%. Figure 8 shows a different comparison between simulation results and the 
information gathered in the field, where the straight line represents the exact results. 
 
 
Fig. 8 Comparison of the measured concentration in relation to the calculated one, using HDVC. 
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6.3. Water quality network simulation considering a stochastic scheme (NSRPM) 
6.3.1. Stochastic method of demand estimation 
 
It has been demonstrated, using measurements at homes (Figure 9), that domestic consumption follows a 
stochastic process and it is possible to characterize it using rectangular pulses of a certain intensity, duration and 
adherence to an arrival rate (Alcocer-Yamanaka 2007); all of that following stochastic schemes. 
Series generated from this model must follow the statistical parameters of the observed series, such as mean, 
variance, covariance and probability distribution (Albornoz 2011). The stochastic models that stand above for 
simulating domestic consumption in drinking water distribution systems are: Poisson Rectangular Pulses (PRP) 
and Rectangular Neyman-Scott Pulses (NSRPM). For this study synthetic series resulting from a spatial and 
temporal aggregation using the Neyman-Scott stochastic method were considered. The results have been validated 
by Alcocer-Yamanaka (2007) with field measurements and simulation models. The NSRPM scheme is based on 
the solution of a problem of non-lineal optimization that involves theoretical moments which represent both the 
observed synthetic series (which are equally probable) and the observed moments (field measurements) that 
establish statistically the measured series (Hernandez 2009). 
 
 
 
Fig. 9. Registered real behavior of residential water demand. 
6.2. Results of water quality network simulation considering the stochastic scheme (NSRPM) 
Figure 10 presents a comparison of the obtained results during three days of the simulation (from hour 72:00 to 
96:00), regarding the information measured in the field. 
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Fig. 10 Comparison of measured concentration in relation to calculated concentration using NSRPM. 
The obtained results, using the stochastic scheme, show differences of 0.12 mg/l in average, which represents a 
difference of 23%. Figure 11 shows a comparison of the results of the simulation, using the stochastic scheme, in 
relation to the data measured in the field. The straight line represents the exact results. 
 
 
 
Fig. 11 Comparison of measured concentration in relation to calculated concentration, using NSRPM. 
7. Conclusions 
This paper shows that the application of a methodology that considers the stochastic nature of residential water 
demand provides results closer to the real behavior of a solute in a water distribution network. 
A time variation demand curve, as the one proposed by Conagua (2007), is a simple tool for the implementation 
of a hydraulic simulation and a water quality model. However, the use of these curves tends to make the calibration 
of the model more difficult, since when considering a continuous and gradual user water consumption it is not 
possible to represent areas with no flow or low velocity flow and thus high water residence times. It should be 
considered also that a smooth demand variation curve, as the presented in this work, can only be applied to 
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distribution networks with continuous service. In the case of networks with intermittent service, it is necessary to 
generate a consumption pattern, characteristic of the represented location.     
Using a stochastic scheme for household water consumption behavior can reduce the difference between the 
values measured in the field and the values calculated with the water quality model. Figure 8 and Figure 11 show a 
comparison of results of the simulations and the measured data in the field, where the largest differences occur in 
the results obtained with the HDVC. 
Furthermore, the use of synthetic series generated by the Neyman-Scott Rectangular Pulse Model (NSRPM) 
allows modeling of the water demand behavior for a specific location, as opposed to a time variation demand curve 
as proposed by Conagua (2007) which is the same for any city in Mexico. However, this methodology is 
applicable only to existing distribution networks. In the case of design of new distribution networks, and in the 
absence of field demand data it is appropriate to use existing HDVCs or information of places with similar demand 
characteristics. 
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